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Flame quenching by a variable-width rectan@;ular-slot burner as  a 
function of pressure f o r  various propane-oxygen-nitrogen mixtures w a s  
f o r  pressures of 0 . 1 t o  1.0 atmosphere, and f o r  volumetric oqgen  frac- 
t ions of t he  oxidant of 0.17, 0.21, 0.30, 0.50, and 0.70, the re la t ion  
between pressure p  and-quenching  distance d is given by  d 0 p-=, 
w i t h  r = I, f o r  equivalence r a t io s  approximately equal t o  one. For 
the complete range of equivalence ratios studied, it w a s  found that 
0.60 5 r 5 1.12. 
? investigated, It was found that f o r  cold gas temperatures of 27O C, 
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The quencbing theory of Simon and Belles a s  used to  predict  values 
of r for the  range of pressures and 02/ (02 + Nz) r a t io s  encountered 
in this study. For e u v a l e n c e  r a t i o s  less than or equal to unity, the 
predicted value of r deviated from the observed value by an average 
of 7.1 percent. For equivalence ratioe greater than unity, this devia- 
t ion increased to  13.6 percent. It was further shown, f o r  equivalence 
ratios less   than o r  equal to  unity,  that an equatfon based on a aiffu- 
sion mechanism and containing one empirical  constant may be  successfully 
used to  pred ic t  the  observed quenching distance within 4.2 percent. The 
equation in i ts  present form does not appear t o  be  suitable f o r  values 
of the e&valence ratio  greater  than  unity.  
A theoretical   investigation has also been made of the error  fmplic- 
it i n  the assumptfon tha t  flame quenching by plane  parallel   plates of 
infinite extent is  equivalent t o  that by a rectangular burner. A curve 
i s  presented which relates  quantitatively  the magnitude of this error  
t o  t h e  length-to-width r a t i o  of the rectangulw burner. It i s  shown 
that a length-to-width burner r a t i o  of 10, or  more, involves a differ- 
ence in the quenching distances, as measured i n  these two ways, of 3 
percent or less .  * 
2 
INTRODUCTION 
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The quenching of a flame by a channel of a given s i z e  and shape is 
an easily measured phenomenon which may supply much information  relating 
t o  t h e  many other associated flame phenomena.  Thus, the distance of 
closest approach of a flame t o  a cold w a l l ,  the minimum ignition energy, 
the   re la t ive   ab i l i ty  of a stable flame t o  generate a large amount of 
heat per unit volume per unit time, the cri t ical  conditions of con- 
ta iner  geometry, pressure, ana temperature under which t h i s  flame can 
or  cannot ex is t  may a l l  be related to  the quenching distance. The 
quenching distance itself varies with fuel type, oxidant type, fuel-  
oxidant  ratio, quenching surface geometry, . . . temperature ." ". .. - - ." I. - -  and --- t o t a l  
pres m e .  
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Several quantitative attempts to r e l a t e  quenching dis tance  to  t h e  
Ruldamental properties  characterizing  the collibustion wave have been 
made. Lewis and von Elbe (ref. 1) have related quenching distance t o  
minimum ignit ion energy and burning velocity by msumfn@; that a con- 
sideration of heat-transfer processes alone is suPficient to explain 
the behavior of the combustion wave. No thorough test of t h i s  theory 
has been made, chiefly because of the lack of low-pressure burning- 
velocity data. A quenching theory is proposed i n  reference 2 i n  which 
the  difmsion of H, 0, and OH radicals In the flame front plays the 
v i t a l   ro l e  in determining whether or  not the flame will be quenched by 
a given w a l l  geometry. This la t ter  theory can be reaa ly  appl ied  (once 
flame equilibrium radical concentrations are calculated) and has been 
euccessful i n  predict- quenching distances fo r  propane-air, ethylene- 
air, and isooctane-air flames over a range of pressures. In addition, 
reference 2 gfves a re la t ion between quenching distance as defined by 
the separation distance of plane para l le l   p la tes  of infinlte extent and 
that defined by the diameter of a cylinder. 
* 
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The work herein reported is  par t  of a flame-propagation investiga- 
t ion  which w a s  performed at the NACA Lewis laboratom with a water- 
cooled  rectangular-slot  burner t o  measme the quenching of propane- 
oxygen-nitrogen flames over a range of pressures, oqygen content of the 
oxidant, and f'uel-oxidant ra t io .  
The objectives of this investigation were: 
(I) To provide the data necessary t o  describe the w a l l  quenching 
of propane-oxygen-nitrogen flames as a function of fuel-  
oxidant ratio, oxygen content of the oxidant, and pressure 
(2)  To treat these deta i n  the light of  current theoretical con- 
cepts of flame quenching and thus help t o  establish those 
relations which may properly serve t o  emphasize the  important 
processes taking place in the combustion wave and which may 
thus prove userul in predicting quenching distances and other 
flame phenomena over a large range of conditions 
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(3) To consider quantitatively the errors involved in the often- 
made assumption tha t  a rectangular-slot burner of various 
length-to-width ratios has the same quenching action as a 
narrow slit of inf ini te   length 
Quenching-distance burner. - The quenching-distance burner used i n  
mahim these measurements i s  sham in f igure 1. The burner w a s  made  of 
s ta iniess  s teel .  The desired fuel-oxidant mirrture w a s  introduced through 
three  inlets  located a t  the  bottom of the burner channel and designated 
A. Fine glass beads B were sandwiched between two layers of 200-mesh 
stainless  steel   screen which served both as a f low straightener and as a 
flame ~ r r e s t o r .  The jacketed w a l l s  of the burner were kept a t  40° C by 
c i r c u l a t h g  water. This wall temperature w a s  suff ic ient ly  high t o  pre- 
vent condensation of water on the burner lip. The burner length vas 5 
inches and the s l i t  width, established by adjusting  the movable burner- 
l i p  asserrbly, w a s  never more than 1/2 inch. Two inside-thickness gages 
were used at the ends of the rectangular s l o t  t o  determine the burner 
w a l l  separation. A spark igni tor  was used t o  es tabl ish a flame atop the 
rectangular burner port. A thermocouple C was. employed to measure loca l  
temperatures and t o  indicate flash back of the  flame through the  rec- 
tangular  channel  of  the  burner. 
Flow system. - A schematic diagram of the quenching distance setup 
is shown in  f igure  2. Two similar injection and metering sections were 
used fo r  the oxidant and fuel.  The tanked 02-N~ mixtures A and the 
tanked propane B each passed  through  separate  pressure-re&lation  and 
f i l ter ing s tages ,  C and D, respectively.  Crit ical  flow or i f ices  E were 
used t o  meter both oxidant and fuel. Solenoid valves F were both either 
fully open or fully closed. Fuel and ox idas t  were mixed ju s t  ahead of 
the  valve G and flame arrestor  H and then  fed i n t o  the quenching-distance 
burner J. The quenching-distance burner w a s  s i tuated in a four-windowed, 
pressure-tight burner chamber I of 3.5-cubic-foot capacity. The pressure 
in the burner chaniber was given by a mercury manometer M. The burner 
exhaust L led t o  a cold  trap 0 and then t o  a 40-cubic-foot-capacity 
plenum P. The pressure in  I was regulated by f i r s t   ad jus t ing   the  th ro t -  
t l i n g  valve ju s t  ahead of t he  34-cubic-foot-per-minute exhaust pump. The 
desired  pressure was then obtained by  adjusting  the room air or  nitrogen 
bleed K o r  by injection of service air W i n to   t he  exhaust. 
Gas mixtures. - Oxygen-nitrogen mixtures f o r  which u = 02/(02 + Nz) 
(voluznetric oxygen fraction) was 0.17, 0.21, 0.30, 0.50, and 0.70 were 
used as olddants. The supplier's s ta ted accuracy for these olddants was 
a.1 percent 02. The propane used in  these experiments had a s ta ted  
purity of 99.9 percent. 
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Procedure. - Quenching data were obtained i n   t h e  f o l l a r l n g  way. 
Inside-thickness  gages were used to   es tab l i sh  and measure the  burner-wall L 
separation. The burner chauiber I was then closed. The exhaust pump was 
star ted and properly throttled. A i r  flow through K or  N was used t o  
s tabi l ize  the burner pressure in the region of interest .  Solenoids F 
were opened and pressure regulators C adjusted t o  provide c r i t i c a l  flows 
through the two or i f ices  E. The desired fuel-oxidant mixture w a s  then 
ignited a t  the burner p o d .  Pressure &nd temperature upstream of t he  
fue l  and oxidant or i f ices  w e r e  recorded. The combustion pressure, i n  I, 
was s tabi l ized and recorded. The determination of whether o r  not the 
given  fuel-oxidant  mixture,  burning at a given  pressure, w o u l d  be m 
quenched by a rectangular channel of known dimensions and temperature 
was made as foUows. Solenoids F were simultaneously and suddenly 
closed. The flame seated on the  burner w o u l d  then either die on the 
burner l i p  o r  f l a sh  back through the rectangular burner channel. Flash 
back was detected by a thermocouple at the bottom of the channel. If 
f lash  back did occur, the pressure was lowered and stabil ized at a some- 
w h a t  reduced leve l  and the experiment repeated u n t i l  a pressure wee 
reached a t  which no f lash  back occurred. Conversely, if f lash back did 
not occur, the pressure was raised and stabil ized a t  a somewhat higher 
level  and the experiment repeated  unti l  a pressure was reached a t  which 
f lash back did occur. The t e s t  procedure was then continued and the 
limiting  pressure  taken  to  be  the highest pressure  at which flash back 
did not occur. 
ln z 
Experimental errors. - The uncertainty in the determination of  
pressure limits f o r  a given Fuel-oxidant r a t io  and quenching distance 
was 0.02 inch of mercury or 6.7~10'~ atmosphere. T h i s  corresponds t o  
a maximum error of 0.7 percent in the pressure Sirnit, a t  a pressure of 
0.1 atmosphere. Added to  th i s  e r ror ,  however, were the ones ar is ing 
from uncertaint ies   in  the fuel and oxidant flaws and i n   t h e  burner-wall 
separation. The uncertainty in the calibration of t he  c r i t i ca l  f l o w  
or i f ices  was percent.  Further,  the  uncertainty  in  reading  the  pres- 
sure and temperature, upstream of t h e   c r i t i c a l  f l o w  orifices,  intro- 
duced an additional  error i n  the flow haw- a maximum value of  0.5 
percent. The uncertainty in the quenching dlstance w a s  U.001 inch. 
The error i n  the pressure limits caused by uncertafnties i n  determining 
oxidant-Fuel ratio varied from very small near the minimum of the p 
against O/F curve ( f ig .  5) t o  f a i r l y  large where the curve i s  steep. 
Similarly, the error i n  the pressure limit caused by uncertainties in 
the meermrement of the burner spacing i s  greater for  small openings 
high pressure and oxygen concentrations) and less for large openings 
low pressures and oxygen concentrations). It i s  estimated from the 
general reproducibility of the data. that the average error  i n  the pres- 
sure limit is &? percent. 
t 
. 
. 
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GEaMETRICAL CONSIDERATIONS 
In reference 2, the average chain-length calculations of Semenoff 
(ref. 3) are  used t o  derive expressions for the quenching distance 
associated with plane parallel plates and with cylindrical tubes. The 
r a t i o  of plane-parallel-plate and cylindrical-tube quenchfng distances 
ie calculated to be 0.61. In practice, of cour~e ,  the case of the in-  
f i n i t e l y  long, plane-parallel-wall burner is  approximated by a 
rectangular-slot burner. A comparison of the propane-& rectangular- 
slot-burner quenching data of Friedman and Johnston (ref. 4) with the 
cylindrical-tube data of reference 5 was made (ref. 2), and the average 
r a t io  of the wenching distances was found to be 0.70 as compared with 
the theoretically predicted value, f o r  the ideal case, of 0.61. At 
l eas t   par t  of this difference may be at t r ibuted t o  the "end effects' ' 
associated with the rectangular-slot burner. It i s  also evident that 
these end effects  depend upon the  length-to-width  ratio of the  burner 
s lo t .  Length-to-width r a t io s  as low as 3.6 were, on occasion, employed 
in  obtaining the data of reference 4. rn 
- I n  order t o  calculate  the quenching effect  for a given  rectangular- 
slot-burner geometry, it i s  necessary t o  consider the effect the slot 
geometry can have on the flame. Fortunately, the criteria which a f fec t  
the  s lot  geometry end effects appear t o  be independent of the theory 
Wloyed t o  calculate them since  the  differential  equations and the  
boundary conditions wbich characterize the interaction of the  w a l l .  wlth 
the flame are  formally  the same whether the  wall ac ts  as a radical  sink 
(diffusion theory) o r  as a heat sink (thermal theory). In one case, the 
equations  describe  the  spatial  distribution of  the concentration of 
active  particles which are generated uniformly through the volume and 
which are destroyed upon col l is ion with the boundary. In the other case, 
the  equations  describe  the  spatial  distribution of the  flame temperature 
i n  a  region where heat i s  being  generated uniformly throughout the volume 
and l o s t  by conduction to the constant-temperature walls. 
The effect  of s l o t  geometry on the flame has been calculated w i t h  
the use of the diffusion equation (appendix B) .  The results presented fn 
figure 3 show that If the length-to-width r a t i o  of a rectangulw burner. 
i s  kept a t  10, or greater,  the error involved i n  assuming the apparatus 
to consist  of plane parallel  w a l l s  of infinite extent is  3 percent or  
less.  T h i s  condition was sat isf ied in  this  invest igat ion.  Figure 3 shows 
the  error   incurred  in  making the assumption tha t  the s l o t  is in f in i t e ly  
long. Thus, for a rectangular burner where b/d, = 3.6 (one of the values 
encountered i n  r e f .  4 ) ,  the error involved is 9 percent. The value 
dp/& = 0.61 (ref. 2) m y  be conibined with the $/ar values of f igure 3 
t o  construct  figure 4, where d r - &  is plotted  against dr/b for   the 
range 0 5 (dr-b) 5 1. It i s  thus evident t ha t  quenching data obtained 
through the use of a rectangular-slot burner of variable length-to-width 
data, either represent cases where end effects are negligible (as is 
L 
4 ra t ios  should, if these  data are t o  be considered  as  plane-parallel-wall 
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considered t o  be the case in  t h i s  work) or should be properly corrected. 
The data, thus reduced t o   t h e  idealplane-para,Uel-wall case, may then - 
be considered on a common basis. 
Experimental propane-oxygen-nitrogen quenching data me recorded i n  
table I and curves of c r i t i c a l  quenching pressure as a function of 
oxidant-fuel r a t i o   f o r  four different burner widths and f o r  each of the 
a values 0.17, 0.21, 0.30, 0.50, 0.70 are  shown in figure 5. In these 
figures, an equivalence ratio scale rP, as w e l l  as an oxidant-fuel r a t i o  
scale O/F, i s  given.  Stoichiometric  oxidant-fuel r a t i o  i s  indlcated 
i n  each figure by a short vertical line; placed just above the  O/F 
scale. These curves me ent i re ly  analogous t o  flammability limit curves  
observed in cylindrical  tubes (ref.  5) and are, i n  f ac t ,  flammability 
limit curves for rectangular channels. The portion of these data re- 
lating t o  propane-air quenching appears t o  agree qulte well with the data 
reported in  reference 4. 
As emected, parabola-like curves are obtained, with pressure minima 
generally located i n  the region 1.0 e CP< 1.2. The pressure region 0.1 
stmosphere t o  1.0 atmosphere having been chosen f o r  investigation, it was 
then necessary t o  use progressively smaller burner wal separations as a 
was increased from 0.17 t o  0.70. The extent of the data t o  l imiting 
values of' CP on ei ther  side of = 1 was essentially determined by 
ei ther   the  abi l i ty   to   seat  a stable flame on the burner or the pressure 
range for the investigation. L i m i t  press- associated with rich flames 
of cellular  structure caused no apparent discontinuity in the variation 
of p with O/F for  any values of OL and d investigated. 
Data taken from the curves of figure 5 were used to   construct   least  
squares Logarithmic plots of quenching distance against pressure for each 
of the  f ive  a values investigated and for  as  wide a range of CP values 
as the  data covered. The elopes of these l h e s  m are re la ted  to  the  
observed values of r i n  t a b l e  II by the relat ion 
m = 2 r - 1  
where 
r negative of the power describing  the  pressure dependence of the 
quenching distance, d 00 pmr 
THEOFBTICAL COWSIDEXATIONS 
Quenching-Distance Theory . 
v) cu 
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In view of the fact that extensive low-pressure propane-oxygen- 
nitrogen  burnfng  velocity data do not exist, the  thermal quenching theory b 
of reference 1 could not be adequately tested. Consequently, only the 
active-particle quenching-distance equation of reference 2 was examined. 
This equation i s  given by 
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where 
d 
A 
ki 
% 
. To 
r n 
Nf 
POH 
DOH 
PO 
DO 
quenching distance, cm 
f ract ion of molecules present in gas phase which must react for  
f l a m e  to c o n t ~ e  to propagate 
kind  with f u e l  molecules, (cm3) (molecules'l) (sec-I) 
reaction  temperature, OK b 
i n i t i a l  burner  wall  temperature and temperature of unburned gas, 
power describing  temperake dependence of dlfRrsion coefficient, 
specific  rate  constant  for  reaction of active  particles of one 
D coTn 
constant associated with quenching geometry (12 for  plane  parallel  
plates)  
number of fuel mlecules per Unit volume, n~niber/cm3 
% + pOH 
= %  Do f -  
part ia l   pressure of hydrogen atoms, atm 
affusion  coeff ic ient   for   hybogen atoms dif fusing b t o  unburned 
gas a t  27O C and atmospheric pressure, sq cm/sec 
par t ia l   pressure of hydroxyl radicals, atm 
diffusion  coefficient f o r  hydroxyl radicals diffusing into un- 
burned gas at 27O C and atmospheric pressure, sq cm/sec 
partial  pressure of oqygen atoms, a t m  
aff 'usion  coefficient f o r  oxygen atoms diffusing  into the uz1- 
burned gas at 27' C and atmspheric pressure, sq cm/sec 
The rectangular-slot-burner data of reference 4 w e r e  used i n  refer-  
ence 2 t o  t e s t  this equation f o r  propane-air flames. The following 
values were used: 
Nf 1/2 of the  fuel molecules present i n  the unburned  gas a t  T, 
n 2  
G 12 (for plane  parallel   plates) 
i, 
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1.8 sq cm/sec 
0.4 sq cm/sec 
0.28 sq cm/sec 1 constant for all compositions 
0.7 T~lf 
In  order t o  apply  equation (1) over a w i d e  range of gas  composition, In 
pressure, and temperature, the  following  conditions  should  be  satisfied: ;I cu 
(1) All the quantities necessary for the calculation of d must be 
readily  obtainable. 
(2) Inasmuch as A/ki i s  not readily calculable, it should be a 
known function (preferably a constant) for any given fuel-oxidant system. 
(3) Because of the large number of assumptions implici t  in  the deri- 
vation and use of the equation, its correctness and range of  applica- 
bLlity  should  not  cri t ically depend  upon a very r ig id  choice of values I 
for those quantities whose true values are  open t o  some debate. Thus, 
for example, the equation should be useful even when the  diffusion 
coefficients and the temperature dependence of the  diffusion  coefficients 
employed are assigned acceptable values other than those used in 
reference 2. 
Calculation of Flame Teurperatures, Diffusion Coefficients, 
and Free Radical  Concentrations 
In an attempt t o  correlate the quenching data, as well as t o  test 
the usefulness of equation (l), Tf, Nf, my PO, POH, a, Doy and DOH 
were calculated. 
The quantities Tf, Nf, PH, pot  and p o ~  were  computed by the same 
methods employed i n  reference 2. The active particle concentration w a e  
obtained from hydrogen atom, oxygen atom, and hydroxyl radical equi- 
librium product concentrations a t  flame temperature. The tables of 
thermodynamic constants of reference 6 and the value of the heat of for- 
mation of propane gfven i n  reference 7 were used, i n  conjunction with 
the matrix method of reference 6 to   calculate  equllibrium product con- 
centrations and adiab8tiC f h m e  temperatures. The calculations were 
made for a range of pressures and oxidant-fuel ratios for each of the 
propane-oxygen-nitrogen  systems investigated. The values of pi and 
Tf are given i n   t a b l e  IIl . 
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In view of the  fac t  that the proper temperature dependences f o r  DL 
are uncertain, it was assumed that the temperature dependence of the  
affusion  coeff ic ients  i s  given by 
D (13 
The expected range fo r  n is (3/2 n 5 2) .  Values of 1.02, 0.29, and 
0.26 square centimeters per second were calculated (appendix C )  fo r   the  
diffusion coefficients of hydrogen atoms, oxygen atoms, and hydroxyl 
radicals, respectively, into a stoichiometric propane-air mixture at a 
pressure of 1 atmosphere and a temperatme of 270 C. The relat ion 
suggested by CSlrtiss and Hirschfelder (ref. 9 )  was employed t o  calculate 
the variation of the diffusion coefficients with composition of the un- 
burned gas. T h i s  variation was small. The  methods and considerations 
involved in the calculation of the varfous diffusion coefficients are 
given i n  appendix C. 
Pressure Dependence of Quenchhg Distance 
The theory presented in reference 2 predicts  the  pressure dependence 
of the quenching distance t o  be given by 
where m i s  the slope of the straight l ine defined by 
log (,% DO ig) + Pg + - m log p + constant 
Experimental values of r are obtained from the slope of t he  l ea s t  
squares logarithmic plot of quencbing distance against pressure and are 
compared t o  the theoretically predicted ones i n  t a b l e  II. This i s  done 
for oxidants having a values of 0.17, 0.21, 0.30, 0.50, and 0.70, and 
f o r  a range of equivalence ratios equal t o  or  less than unity. It should 
be noted tha t  experimentally and theoretically, r depends on both a 
and cp. Both theory and  experiment shuw that r tends t o  increase as 
a increases and tha t  t he  value of r does not vary greatly and is  close 
t o  unity over the range of a values investigated. The average  devia- 
t ion  of the theoret ical  r values from the observed ones is  7.1percen-t. 
The theory predicts that r increases with a and with Cp(0 L ap 5 1). 
The one calculated exception t o  this theoret ical   t rend i s  the case where 
r varies from 0.88 f o r  Cp = 0.94 t o  0.85 f o r  Cp= 1.00 and a = 0.17. 
10 NACA RM E53K30 
This minor inversion may be explained in  the  following way. The pOH 
term  reaches a maximum at CP 1.0 whereas the p~ term  reaches a 
maxirmzm at CP >1.0. For a = 0.17, the decreasing contribution of 
PO POH 
from 0.94 t o  1 .OO . Thus, 2 pi/Di i s  smaller a t  CP = 1.00 than a t  
Cp = 0.94. 
Dg+G outweighs the  increasing  contribution of pH/%, as CP changes 
I n  general, the variation of the observed r values with Cp, f o r  a 
given value of a, is  somewhat larger than tha t  predicted by theory. 
Also, contrary to theory, the observed  value of r decreases  as CP 
increases t o  unity, f o r  values of a = 0.50 and 0.70. 
It should be noted that expression 2 i s  derived from a theory which, 
as expressed i n  equation (l), i s  intended for use with lean o r  stoichio- 
metric mixtures only. The f ac t  that equation (2) does predict a pressure 
dependence of the quenching distance which agrees w e l l  with the observed 
rich values i s  shown by the comparison of observed and calculated values 
of r given i n  table 11. For values of CP > 1, the average  deviation 
of the calculated r values from the observed ones is  13.6 percent. 
This relatively good agreement is plausible s9.it i s  noted that 
(I) Even for  the  case where pI/Di becomes quite small, m i s  i 
not greatly reduced. 
W l  
(2) The term p was shown t o  describe the pressure dependence 
- -  
of d as  a result of considering a l l  the pressure-dependent terms tha t  
appear i n  equation (1). An equation similar t o  equation (2) might be 
possible fo r  rich mixtures i f  Nf and pi/Di (eq. (1)) are  replaced 
by other terms having approximately the same pressure dependence. 
Comparison of Experimental and Predicted Quenching Distances 
Equation (1) has been used successfully (ref. 2) to correlate the 
propane-air quenching-distance data of reference 4. To t e s t  the use- 
fulness of this equation over the range of Cp (9 5 1), a, and p en- 
countered i n  t h i s  work, dz was plotted against 
m 
N 
rt 
M 
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f o r  each value of a. Separate plots for a = 0.17, 0.21, 0.30, 0.50, 
plot  is defined in each case, indicating 
- and 0.70 are shown in   f igure  6. It is seen tha t  a good s t ra ight- l ine 
io cn 
is  e q a l  t o  a constant f o r  each value of a. From the slopes of t he  d2 
against Q plots  (f ig.  6) it is  found t ha t  A/ki increases f r o m  a  value 
of 0. 1 6 9 4 X d 2  molecule-seconds per cubic centimeter, f o r  OL = 0.17, t o  
a value of 0. 2360X1012 fo r  a = 0.70. It should be noted that the per- 
41 
0 
UJ n cent  deviation of the observed  values of d from those which may be 
N predicted i s  only one ha3f as large as the  corresponding  percent  devia- 5 . .  tions indicated f o r  a2. 2 
- Although the dependence of A/% on a is too  large  to   be ne- 
glected, it may be observed from figure 7 that a logarithmic plot of dz 
against Q (which includes  the  data f o r  a l l  observed  values of  a and 
f o r  Cp 51) correlates  the data quite nicely. A semilogarithmic plot of 
A/ki against a is  s h a m  i n  f i g w e  8. If it i s  assumed tha t  A is  
constant f o r  a l l  a, then one is  led  t o  t h e  conclusion t h a t  k i  decreases 
with OG (or T) .  Thls could be possible only i f  the reaction mechanism 
were changing in  ju s t  t he  r igh t  way. But then the validity of assumptions 
concerning the nature of the over-all reaction I s  greatly weakened. The 
specific  rate  constant has been  calculated from burning-velocity data 
according t o  the method emgloyed in reference 9 and a plo t  of kL against 
a is shown i n  f igure 9. As expected, ki  increases  with  increasing a. 
That A i s  not a true constant is suggested by the fact that both A/ki 
and ki increase with a, even when calculations are made by the  methods 
of reference 2. From this treatment it appears that the  quenching dis- 
tance equation term A/ki is a proport ional i ty  factor  that  i s  very mildly 
dependent upon a. When so considered,  equation (1) was found t o  predict 
propane-oxygen-nitrogen system quenching distances withh 4.2 percent of 
the experimen-t;al values f o r  a range of a and p  values f o r  values of 
rP 5 1. This 4.2 percent deviation represents an average value f o r  the 
64 quenching-distance values used i n  constructing the curves of figure 6. 
The fac t   tha t  it is a relat ively small deviation strongly supports the  
main premise of reference 2, namely tha t  d2 c0 I#. T h i s  good agreement 
has been obtained even when the  temperature dependence of the  diffusion 
coefffcients was changed from n = 2.00 t o  n = 1.67 and when other 
reasonable  values f o r  DOH, %, and Do were substi tuted for those 
employed in reference 2. 
12 NACA RM E53K30 
As noted earlier, equation (1) cannot be q e c t e d  t o  be valfd for 
values of Cp > 1. However, i f  equation. (1) is applied t o  data of r ich  
mixtures, it is  found that the equation represents the data very badly 
fo r  low values of OG but tha t  it improves markedly a8 a increases 
t o  0.70. This can be used, perhaps, a8 a measure of how different the 
over-all rich si& kinetics are from those on the  lean  side. 
It should be further noted that the  success of equation (1) i n  no 
way rules  out  the  possibil i ty  that  a thermal theory of flame quenching 
could be made t o  work as well. 
The resu l t s  of an investigation  of flame quenching by a variable- 
width rectangular-slot burner as a function of pressure for various 
propane-oxygen-nitrogen mixtures may be summarized as follows: 
1. Cr i t ica l  quenching pressure against oxidant-fuel ratio curves 
have been obtained. hes su res  between 0.1 atmosphere and 1.0 atmosphere 
as well as four burner widths fo r  each of the  oxygen fraction 
02/(02 + N2) values 0.17,-0.21, 0.30, 0.50, and 0.70 were investigated. 
2. Calculations have been made and curves presented which give the 
error  incurred  in assuming that flame quenching by rectangular channels 
is equivalent t o  f l a m e  quenching by plane para l le l   p la tes  of i n f in i t e  
extent. The error inherent in this assumption i e  related t o  the length- 
to-width r a t i o  of the rectangular burner. 
3. For equivalence ratios Cp approximately equal to unity,  the 
observed relat ion between pressure  p  and quenching distance d 
(d 03 p-r) €a approximately given by r = 1. For the range of 
02/ (02 + N2) and Cp values investigated, 0.60 5 r 5 1.12. 
4. Calculations made by the quenching-distance equation proposed by 
Simon and Belles predict a pressure dependence of the quenching dlstance 
which deviates from the observed pressure dependence by an average of 
7 . 1  percent for rp 51 and by an average of 13.6 percent for C p  > 1. 
5. Application of t h i s  quenching-distance equation t o   t h e  data indi- 
cates that: 
(a) The variation of  the square of the quenching distance with +, f o r  a given value of 02/(02 + N2> and fo r  values of Cp 5 I, 
is  preserved even when the value of ZL (the temperature de- 
pendence of the diffusion coefficient)  i s  changed from 2 t o  1.67 
and when values for Di significantly different from those 
originally  used by Simon and Belles are employed. 
. . "  
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(where Tr and TO are the  temperatures of the  reaction and 
the cold gas, respectively, Nf is the number of fue l  mole- 
cules  per  unit volume, and pi and Di are the  pa r t i a l  
pressure and the diffusion coefficient, respectively, for the 
i t h  species ) 
(b) The quenching equation may be used to   predict   the  quench- 
ing distances for values of Cp1 1. These predicted values 
deviate from the  observed ones by an average of 4 . 2  percent. 
(c) For values of  > 1 and i n  i t s  present form, the quench- 
ing equation cannot properly be used to predict   the observed 
quenching distances. 
F r o m  the   resu l t s  of thFB investigation it may be concluded that :  
1. The quenching dFstance as measured by plane  parallel   plates of 
i n f in i t e  extent di f fe rs  by less than 3 percent from that obtalned through 
use of a rectangular burner, as long as the length-to-width r a t i o  of the 
rectanguhr burner i s  10 or greater. 
2. The pressure dependence of the quenching distance does not vary 
appreciably with oxygen concentration of the oxidants. 
3. An equation based on diffusion  processes may be successfully  used 
to predict propane-oxygen-nitrogen quenching distances f o r  a range of 
pressures, fuel-oxidant ratios, and oxygen concentrations of the oxidant, 
fo r  values of (T 5 1. 
Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, November 25, 1953 
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The following symbols are used i n  this report: 
A f ract ion of mlecules  present i n  the gas  phase which must react 
for   the flame t o  continue t o  propagate 
b length of rectangular burner l i p  
In 
r( 
w 
M 
CT t o t a l  number of active  particles  in  rectangular channel 
C numerical  concentration of active  particles 
C average  concentration of active  particles  per unit volume 
co number of active particles generated per unit time per uni t  volume 
dfff'usion coefficient associated with diffusion of hydrogen atoms 
- 
. 
DH 
" 
into unburned gas a t  2 7 O  C and p = 1 atmosphere 
D i d  diffusion  coefficient  associated  with  mixture of two gases of 
species i and 3 
Do diffusion  coefficient  associated  with  diffusion of oxygen atoms 
into unburned gas at 27O C and p = 1 atmosphere 
- " 
DOH difmsion  coefficient  associated wLth d5ffusion of hydroxyl radi- 
cals into unburned gas at 27' C and p = 1 atmosphere 
d quenching dlstance 
. .~. 
a, diameter of cylindrical burner t h a t  will just quench a given flame 
dp wall separation of plane  parallel wal burner that will j u s t  quench a given flame 
sr width of rectangular burner tha t  w i l l  j u s t  quench a given flame 
G constant  associated  with quenching geometry 
k Boltzmann constant  (c.g.s.  units) 
k i  specific  rate  constant  for  eaction of active  particles of one 
kind ~ t h  f u e l  molecules 
NACA RM E53K30 
- 
m i  mass of molecule of species i 
N m b e r  density of molecules 
15 
Nf 
n power describing  temperatme dependence of diffusion coefficient, 
nuniber of fuel molecules per unit volume 
D COTn 
O/F oxidant-fuel mass r a t i o  
(o/F)~ stoichiometric oxidant-fuel ma68 r a t i o  
P total   pressure 
pH 
p i  
p h i a l  pressure of hydrogen atoms 
part ia l   pressure of i t h  molecular species 
c 
- partial   pressure of oxygen atoms 
’OH partial pressure of hydroxyl radicals 
r negative of power describing  pressure dependence of quenching 
distance, d p-r 
ri moleculaz radius f o r  par t ic le  of species f 
If flame  te perature 
f r  reaction  temperature 
TO cold gas temperature 
a 02/(o2 + mz), volumetric r a t i o  of oqgen content of oxidant t o  
oxygen content of a k  
Cr viscosity 
1 
cp equivalence r a t io  = (o/F)~/ (o/F) 
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QUTJKHING EFFECTS OF RECTANW CHANNELS C W A R E D  TO THOSE 
Consider a rectangle wZth center at the  origin of the xy-plane. 
The rectangle is of length b and of width d. Let this rectangle 
correspond t o  a typical cross section of a rectangular channel of in-  
f ini te   extent ,   in  which active  particles are being generated uniformly 
throughout the volume. It I s  assumed tha t  a U  active species are de- 
stroyed on collision  with  the walls. 
The differential equation of diffusion describing this cage i s  
subject t o  the  boundary conditions 
and 
where 
c numerical  concentration of active  particles 
co mmber of particles generated per unit time per unit  volume 
D diffusion  coefficient 
Considering a unit  height, the t o t a l  nmiber of act ive par t ic les  in  
the  rectangular  channel C;r is  given by 
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where 
c - 
c  average  concentration of act ive  par t ic les  i n  volume 
The formal mathematical problem associated with equation (Bl) and 
i ts  accompanying boundary conditions (B2) corresponds t o  other physical 
problems which have already been t rea ted  and are presented  by Jakob and 
by Purday (refs. 10 and 11, respectively). The results obtained by these 
c and thus t o  construct the curves of figures 4 and 5. 
w authors  for  various rectangular geometries may be employed t o  calculate 
P 
c\) cn 
- 
It i s  significant t o  note that the  formal mathematical problem i s  
unchanged if the  previously  stated diFfusion problem is  replaced by one 
walls 03 a given temperature. The very same effect  of geometry on 
quenching distance i s  predicted on the basis of t h i s  thermal calcula- 
tion, if it i s  assumed tha t  flame propagation or  nonpropagation is  deter- 
mined by some c r i t i c a l  value of the average flame temperature. 
9 
3 
3 
I i n  which heat i s  being  enerated  uniformly in the  volume and l o s t  t o  
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DIFFUSION C O E F F I C m  CAL(=uuITIONS 
The molecular and atomic radii employed in  the  diffusion  coeffi-  
cient calculations were obtained from several sources. For a pressure 
of 1 atmosphere and a temperature of Oo C, 
(1) ro = 1.40XlO-8 centimeter is the  value for  the atomic oxygen 
radius given by Pauling (ref. E). 
(2)  ro2 = 1.81XlO-8 centimeter i s  the value for the radius of the 
oxygen molecules given by Chapman and Cowling (ref. 13). 
(3) q2 = 1.88>(10'8 centimeter is the  value f o r  the radius of the 
nitrogen molecule given i n  reference 13. 
(4) = 1.28x10'8 centimeter i s  the value for  the  atomic hydrogen 
radius calculated f r o m  the viscosity data given by Amdur (ref.  14). 
This calculation was made with the following equation (ref. 13): 
0.1792 ( h ~ ~ T ) l / ~  
P-= 0 
where a l l  units are of the C.Q.S. 
p viscosity 
k Boltzmann's constant 
m i  molecular mass 
T absolute  teurperature 
ri molecular radius 
4ri' 
system  and where 
dical  
N 
m 
iA 
(5) roH = 1.62x10-8 centimeter is the radius of the hydroxyl ral 
and represents a weighted average of the values obtained from 
1 rOH = - 2 (Ik, + r02) 
19 
where 
rE2 1. 365X10'8 centimeter (ref. 14) 
x 
.M 
2 
.n (6) rc* = 3.11x10-8 centimeter is the radius of the  propane mole- 
cule, calculated f r o m t h e  viscosity data of reference 15. 
The diffusion  coefficient f o r  a mixture of any two gases w a s  cs l -  
culated from the equation' (ref. 13) 
2 
al n 
* 3 
3 (c1) 
0 
J 
where 
W lluniber density of molecules 
i , j  subscripts identifying the molecular species 
Examination of the   t ab le  on page 252 of reference 13 indicates  that ,   for 
the binary mixtures listed, use of the r values determined from viscosity 
data does not yield, on the  average, the experimentally determfned values 
of D i j .  In  fact ,   th& r values that do yield  the  experimentally  deter- 
mined values of D i J  (eq. (C1)  ) are, on the average, equal t o  91.7 per- 
cent of the r values  determined from viscosity measurements. Con- 
sequently, the r values used in equation ( C l )  were appropriately adjusted. 
For a pressure of 1 atmosphere and a temperature of 300° K, the   fo l lming  
values of D i j  were obtained. Units of D i j  are square  centimeters 
Do,c3% = 0.149 
Do-02 = 0.311 
Do42  = 0.304 
D O E - C ~ H ~  0.143 
D0E-02 = 0.266 
D ~ ~ - ~ z  = 0.262 
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It  was  then assumed that  the  reciprocal  of  the  average  diffusion 
coefficient  for a multicomponent  gas  mixture  is  given  by  the  molal 
average of the  reciprocals  of  the  binary  coefficients. T h i s  method, 
suggested by Curtis8 and Hirschfelder . (ref. 81, waa  then  used  to  calcu- 
late  the  diffusion  coefficients  for  the  diffusion of 0, E, and OB: 
into  the various 02 - N2 - c3H8 mixtures  encountered. 
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TABLE I. - OBSERVED QUENCHINQ DATA 
0.215 
0.m 
- 
0.150 
- 
0 . m  
-  
0.100 
0.176 
12.74 
13.38 
16.4 
18.32 
17.60 
18.56 
19.81 
18.00 
12.25 
1 2 . n  
16.55 =.Bo 
16.71 
17.91 
16.66 
14.50 
19.28 
20.28 
a . 7 0  
13.56 
12.70 
12.29 
11.89 
11.80 
10.52 
11.46 
10.74 
13.03 
14.51 
18.62 
18.03 
20.86 
21 .so 
10.28 
10.81 
ll.46 
13.12 
14.69 
15.88 
17.07 
18.51 
a.23 
21.58 
22.86 22.17 
- 
- 
28.43 
21.61 
18.15 
13.88 
14 .70  
18 .62  
14.81 
24.36 
27.73 
26.24 
1S.65 
14 .W 
11.18 
10.14 
9.96 
10.83 
12.68 
1 6 . a  20.81 
23.58 
28.17 
15.26 7.60 
16.18 7.05 
17.31 8.- 
S7.82 8.60 
19.57 11 .90  
13.50 7.75  
20.21 12.95 
12.90 8.W 
A2.22 9.26 
11.44 12.60 
11.83 10.90 
11.28 Z . 4 6  
11.49  10.88 
12-06 7.01 
11.94 7.50 
U . 8 2  8.52 
13.45 6.02 
15 .58  5.12 
18 .52  7.01 
17.53 6.20 
19.34 7 .82  
20.36 8.44 
1 - 
8.81 
8 .83  
10.64 
8.9E 
11.03 
11.69 
13.14 
14.26 
1 s . a  
18.38 
18.01 
21 .a 
22.32 
23.18 
23.67 
2J.88 
8.R 
8.44 
9.24 
8.80 
10.10 
1l.P 
l 2 . U  
14.48 
16.78 
18.89 
22.4s 20.18 
24.18 24.52 
24.83 
24.71 
- 
“ . .. 
- 
26.52 
22.08 
16.87 
10.22 
11.71 
8.48 
8.57 
5.93 
6.21 
8.27 
11.64 
7.78 
15.03 
20.55 
24.87 
27.84 
27.89 
24.14 
18.61 
8.56 
8.W 
4 -31 
3.55 
3.80 
4.12 
6.39 
1.b7 
14.93 
20.36 
24.37 
X . 8 9  
- 
15.18 
14.26 8.51 
15.91 6.55 
19.07 9.33 
11.18 4.61 
9.635 1.Sb 
9.m 4.70 
18.48 9.33 
0.432 5.11 
2 l . S  14.64 
25.89 25.28 
23.a 20.77 
a.96 29.10 
4.600 28.50 
4.673 26.26 
4.810 16.26 
5.086 14.67 
5.772 9.88  
6.582 7.12 
7.24’l 6.49 
8.OsB 5.11 
0.06553 
.OB188 
.0577? 
.O%W 
.m110 
.01364 
.In918 
-07152 
.m1= 
.OB741 
.m63 
.0m57 
O.OBs80 
.08551 
.01120 
.08211 
.09050 
.w 
.08282 
. O B s 8 l  
.07455 
.0w24 
. E l M  
.OB171 
.WOO 
. a 9 1 1  
.-la 
- 
0.1018 
. 1 m r  
.1002 
.09398 
.09066 
.OB554 
.0w10 
.OTIlS 
.08391 
.05264 .m3n 
.M7= 
. a 4 6 0  
.04318 
.041aa 
.04= 
0.1050 . lola . l o 4 2  
.1016 
.0m24 
.OBR)5 
.01w5 
.06306 
-01967 
.OS350 
.CUQ55 
.044m 
.o4118 
.(YW 
.o4078 
. 0 1 0 4 7  
0.07015 
.06?44 
.0626L 
.1096 
.OB946 
.10t9 
.11M 
.0511 
.%:e88 
. a 1 8 6  
.MSSJB 
.o4174 
-2178 
. a 4 0  
.19= 
.a? 
. 1 733 
.1619 . lsw 
.1a4 
>.a33 
.2%1 
.1W3 
.was 
. la2 
.E57 
.14w 
.1278 
. lo56 .1181 
.09881 
.09107 
.06389 
.me28 
.OS624 
.OS187 
.o4515 .cMo98 .m9m 
. 2 m  
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TABLE I. - Conoluded. OBSERVED QDXNCHING DATA 
Quenching Oxidant- 
oxidant p, In. Hg fuel m a  distance, oxidant 
Fuel- Preasure, Oxidant- Quenching Fuel- 
p, in. Hg fuel mas8 diatance, 
Fz-assure, 
d, in. m a s  ratic r a t i o ,  0/3 d, in. maas ratio, r a t i o ,  O/F 
p/o F/O 
0 .5 C - 
0.040 6.715 
7.444 
a. 316 
10.92 
14.51 
12.  I1 
7.142 
5.799 
4 .817 
4.001 
3.729 
3.435 
13.95 
14.40 
15.22 
18.82 
21.63 
28.2 
13.96 
14.86 
13. ?l 
19.72 
22.85 
25.78 
0.1489 
.1203 
.1343 
.08258 
.09158 
-1400 
.06892 
.1724 
.2076 
.2499 
-2682 
-2911 
5.178 
4.953 
4.419 
4.019 
3.047 
3.288 
2.848 
2.694 
6.352 
7.222 
7.951 
9.469 
-5.26" 1 0.1825 5.57 20190.100 
0.125 
6.68 
.3041 12.33 
.24 88 7.65 
.2263 
15.15 
19.53  .3511 
.3282 
26.65  .3712 
.1574 
-1385 
5.48  .1258
6.03 I -1056 
11.48 I 7.41 I 0.08711 
12.58 
16.11 
8.50  .07949 
18.17 I 1 .OS504 .06207 
19.39 
19.76  28.60 .Om6 1 
.05157 24.68 
0.075 
7.47 
6.413 
9.526 
11.78 
14.74 
16.99 
17.91 
18.35 
5.036 
4 .OS6 
3.457 
3.049 
2.893 
2.862 
7.46 
7 -16 
8.13 
15.54 
10.73 
21.67 
25.29 
28.00 
7.52 
9.91 
13.96 
20.2 
23.9 
26.65 
~ 
0.1559 
.1339 
.lo50 
.08489 
.06784 
.OS886 
.05583 
.054 50 
.1986 
.2465 
.a93 
.3457 
.3280 
.3494 
1 0.1697 
-1309 1 .1497 
.2485 
-2068 
.n01 
.OB905 
.06845 
.06105 
.OS24 7 
.OS556 
.OS115 
.2857 
.3135 
5.892 
4.43 6.679 
4.45 4.835 
4.74  7.638 
4.33 
4.024  5.19 
9.080  5.37 
11.23  6.84 
14 -61 9.86 
16.38  13.  
18.00 1 17.57 
19.06  23.45 
19.55  27.55 
3.50 1 7.15 
3.19  11.25 
Oxygen fractf on, a, 0.70 
~~ 
0.040 9.83 
9.26 
9.26 
9.83 
11 -59 
13.19 
16.06 
20.63 
27.15 
26.29 
21.60 
16.30 
0.075 5.184 
6 -563 
7.909 
10.12 
11-50 
13.61 
15 -58 
2.155 
2.227 
2.364 
2.605 
3 -043 
3.794 
3.370 
I 
5.27 
5.86 
6.65 
12.21 
9.39 
16.29 
26.30 
21 -55 
17.16 
13.27 
8.59 
7.69 
6.23 
8-04 
0.1929 
.1529 
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Figure 1. - Quenching distance burner. 
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Width-to-length ratio of rectangular s lo t  burning, Q/b 
Figure 3. - CalculateU rectangular-slot-burner quenching dietances 
corqpared with plane-parallel-burner quenching distance8 as  e 
function of width-to-length ratio of rectangular burner. 
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Figure 5. - Relation of limiting quenching preesure to O/F end Cp for  
various burner wall separations. 
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Figure 5. - Continued. Relation of limiting quenching pressure 
t o  O b  and CP for various burner wal separations. 
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Figure 5. - Continued. Relation of limitlng quenching pressure 
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Figure 6 .  - Continued. Correlation of experimental data with $. 
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Figure B .  - Variation of A/$ with oxygen f rac t ion  of oxidant. 
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